Abstract Obesity is associated with a worse breast cancer prognosis, particularly in estrogen receptor alpha (ERa) positive, postmenopausal patients. We hypothesized that this is mediated in part by an elevation in breast cancer cell cyclooxygenase-2 (COX-2) expression and prostaglandin E2 (PGE2) production that results in greater local pre-adipocyte aromatase expression. We utilized an in vitro model of the obese patient's tumor microenvironment in which cultured MCF-7 breast cancer cells and pre-adipocytes were exposed to pooled serum from obese (OB; BMI C 30.0 kg/m 2 ) or normal weight (N; BMI 18.5-24.9 kg/m 2 ) postmenopausal women. Exposure to OB versus N sera significantly increased MCF-7 cell COX-2 expression and PGE2 production. Pre-adipocyte aromatase expression was 89 % greater following culture in conditioned media (CM) from MCF-7 cells exposed to OB versus N sera (OB-CM and N-CM, respectively), a difference nullified by MCF-7 cell treatment with the COX-2 inhibitor celecoxib. Previous analysis of the sera revealed significantly higher interleukin-6 (IL-6) concentrations in the OB versus N samples. Depletion of IL-6 from the sera neutralized the difference in pre-adipocyte aromatase expression stimulated by OB-CM versus N-CM. Finally, CM from pre-adipocyte/MCF-7 cell co-cultures exposed to OB sera stimulated greater MCF-7 and T47D breast cancer cell ERa activity and proliferation in comparison to N sera. This study indicates that obesityassociated systemic IL-6 indirectly enhances pre-adipocyte aromatase expression via increased breast cancer cell PGE2 production. Investigation regarding the efficacy of a COX-2 inhibitor/aromatase inhibitor combination therapy in the obese postmenopausal patient population is warranted.
Introduction
The majority of breast cancer cases occur in postmenopausal women [1] , though tumors in this population are typically less aggressive than those occurring in younger women [2] . However, the obesity rate in women C60 years of age in the United States is currently 42.3 %, the highest of any gender/age category [3] , and this condition has been associated with a worse breast cancer prognosis. A 2010 meta-analysis of 43 studies found that obesity at diagnosis is associated with poorer breast cancer specific and overall survival [4] , and others have shown that the strength of the latter association increases with each successive increase in body mass index (BMI) category [5] . Links between obesity and an increased risk of breast cancer recurrence and shorter disease-free survival [6, 7] , independent of tumor stage at diagnosis [8] , have also been established.
Postmenopausal obesity is generally accompanied by an elevation in circulating estrogen levels because adipose tissue is the primary site of aromatase expression following menopause [9] [10] [11] . Consequently, some researchers have hypothesized that this excess estrogen may link obesity with more aggressive estrogen receptor alpha (ERa)-positive breast tumors in postmenopausal women, a theory supported by studies demonstrating a reduced response to aromatase inhibitor treatment in obese patients [12] [13] [14] . However, this explanation has been confounded by studies demonstrating that estrogen levels in breast tumor tissue can be up to tenfold higher than serum concentrations [15] . A corresponding fivefold elevation in aromatase expression in the tumor and associated adipose tissue in comparison to disease-free tissue [15] suggests that this estrogen is being produced locally, likely via a paracrine interaction between the adipose and tumor tissues. In support of this possibility, O'Neill et al. [16] demonstrated in their analysis of 12 breast samples that the highest aromatase activity is consistently found in the tumorcontaining breast quadrant. Zhou et al. [17] later established that breast cancer cell-secreted prostaglandin E2 (PGE2), as well as other factors, stimulates aromatase expression in preadipocytes, the primary aromatase-expressing fraction of the adipose tissue. These findings indicate that an elevation in systemic estrogen levels will probably not have a significant impact on breast tumor ERa activity, given that a much larger local source of estrogen is available in the tumor microenvironment and adjacent adipose tissue.
However, aromatase and estrogen may still be key factors in the link between obesity and poor prognosis in ERa positive, postmenopausal breast cancer patients. Obesity is associated with increased circulating levels of several growth factors, cytokines, and adipokines that may enhance the paracrine interaction described above, resulting in a further elevation in local aromatase levels and estrogen production. For example, serum concentrations of interleukin-6 (IL-6), an inflammatory cytokine secreted by both immune cells and adipocytes, are generally increased with obesity [18] , and this cytokine has been shown to promote PGE2 production in multiple cell types via its effects on cyclooxygenase-2 (COX-2) [19] [20] [21] . In the current study, we utilized an in vitro model of obesity to investigate the impact of obesity-associated systemic factors on the aromatase-promoting paracrine interaction between ERa-positive breast cancer cells and pre-adipocytes. After establishing that obesity-associated systemic IL-6 does enhance this interaction, we demonstrated that it results in greater breast cancer cell ERa activity and proliferation, suggesting that it may be one mechanism by which obesity promotes a worse breast cancer prognosis.
Materials and methods

Serum samples
Serum was collected from 25 postmenopausal breast cancer patients under an IRB approved biorepository collection protocol at the CTRC of UTHSCSA as described previously [22] . BMI was calculated, and serum was pooled according to the BMI category of the patient (normal weight (18.5-24.9 kg/m 2 ) or obese (C30.0 kg/m 2 )).
Cell lines and reagents MCF-7 and T47D breast cancer cells (ATCC) were maintained in IMEM (GIBCO Life Technologies) supplemented with 10 % fetal bovine serum (FBS). Pre-adipocytes isolated from women undergoing elective surgical procedures were a generous gift from Dr. Rong Li, UTHSCSA, and have been described previously [23] . They were maintained in DMEM/ F12 1:1 media (GIBCO Life Technologies) plus 10 % FBS. Celecoxib, human recombinant insulin, testosterone, and anastrozole were purchased from Sigma-Aldrich (St. Louis, MO) and human recombinant IL-6, tumor necrosis factor alpha (TNF-a), leptin, and insulin-like growth factor 1 (IGF-1) from R&D Systems (Minneapolis, MN). The IL-6 depleting antibody was produced by EMD Millipore (Billerica, MA).
MCF-7 cell conditioned media MCF-7 cell conditioned media (CM) were generated by seeding 2 9 10 5 MCF-7 cells per well in 6-well plates, allowing them to grow for 24 h, serum-starving the cells for 18 h, and exposing them to a 2 % concentration of the pooled sera samples in serum-free media (SFM) for 1 h. The sera were then removed and cells washed once with phosphate buffered saline followed by incubation in SFM for 24 h. The resulting CM were collected and stored at -20°C for subsequent in vitro assays.
MCF-7/pre-adipocyte conditioned media MCF-7/pre-adipocyte co-culture CM were generated by seeding 1 9 10 5 MCF-7 cells on top of confluent pre-adipocytes seeded in 6-well plates. After a 24 h incubation, the co-culture was serum-starved for 18 h, exposed to a 2 % concentration of the pooled sera in SFM for 1 h, then washed once with PBS, and incubated for 24 h in SFM ? testosterone (100 nM) and ± anastrozole (1 uM). The resulting CM were collected and stored at -20°C.
Quantitative RT-PCR MCF-7 cell PTGS2 (COX-2) mRNA levels were measured following a 18 h serum-starvation period (baseline level) and a 1 h exposure to a 2 % concentration of pooled patient sera in SFM. mRNA levels were also assessed after 12 and 24 h in SFM (following the removal of the sera). Pre-adipocyte CYP19A1 (aromatase) mRNA levels were assessed following a 24 h incubation in MCF-7 CM. To assess the impact of MCF-7 cell COX-2 inhibition on pre-adipocyte aromatase expression, the MCF-7 cells were pre-treated with 30 uM celecoxib for 1 h prior to and during sera exposure when generating the MCF-7 CM. IL-6, TNF-a, leptin, insulin, and free IGF-1 levels in the obese versus normal weight patient sera samples were previously measured [22] . To examine whether these factors contribute to the aromatase-promoting paracrine interaction between breast cancer cells and pre-adipocytes, each factor was added back to the pooled normal weight patient sera. With the exception of IGF-1, the amount of each factor added was determined by the difference in average concentration between the obese and normal weight patients' serum samples. There was no significant difference in free IGF-1 found in our samples, so it was added in an amount typically used in cell culture experiments (20 ng/ml). Aromatase expression was then measured in pre-adipocytes exposed to MCF-7 cell CM generated with this enhanced normal weight sera as well as MCF-7 CM generated with non-enhanced obese and normal weight sera. To further examine the role of serum IL-6, the pooled sera samples were incubated with or without an IL-6 depleting antibody (10 ug/ml) for 1 h at room temperature prior to use of the sera for MCF-7 cell CM generation. MCF-7 and T47D TFF1 (pS2) and CCND1 (cyclin D1) mRNA levels were measured after a 24 h incubation in MCF-7/pre-adipocyte co-culture CM supplemented with 2 % charcoal-stripped (CS)-FBS. All cells were serum-starved for 18 h prior to exposure to sera or CM. The methods used for RNA isolation, reverse transcription, and quantitative RT-PCR, as well as the primer sequences used, have been previously reported [24] .
Prostaglandin E2 concentration
The concentration of prostaglandin E2 in MCF-7 CM was measured using the Prostaglandin E2 Parameter Assay Kit from R&D Systems (Minneapolis, MN).
Cell proliferation MCF-7 and T47D cell proliferation were measured using cell counting by hemocytometer as described previously [24] following a 48 h incubation in MCF-7/pre-adipocyte co-culture CM supplemented with 2 % CS-FBS.
Statistical analysis
Differences between cells exposed to two different experimental conditions were measured using Student's t test. The results from experiments involving more than one independent variable were analyzed by two-way ANOVA. A p value of \0.05 was considered significant.
Results
Pre-adipocyte aromatase expression is induced by obesity-associated circulating factors via stimulation of breast cancer cell PGE2 production Given that breast cancer cells are known to produce factors, including PGE2, that promote pre-adipocyte aromatase expression, we began by examining whether obesityassociating circulating factors could enhance this paracrine interaction. To mimic the tumor microenvironment of an obese versus normal weight patient, we utilized an in vitro model in which cultured cells were exposed to postmenopausal breast cancer patient sera samples pooled according to BMI category (normal weight (N): 18.5-24.9 kg/m 2 ; obese (OB): C30 kg/m 2 ). The characteristics of the serum donors have been previously described [22] . Conditioned media from MCF-7 breast cancer cells exposed to OB or N patient sera (OB-CM or N-CM, respectively) for one hour were generated. Pre-adipocytes cultured in OB-CM had 89 % higher aromatase expression in comparison to N-CM (p \ 0.05) (Fig. 1a) . One factor known to induce aromatase expression is PGE2, which is produced via a reaction catalyzed by COX-2. Following a one hour exposure to OB versus N patient sera, there was no significant difference in MCF-7 cell COX-2 expression between these conditions or in comparison to baseline expression. However, COX-2 expression continued to increase during 24 h of incubation in SFM following sera removal, with the expression in cells exposed to OB patient sera increasing to a greater degree. At 24 h, COX-2 expression in the MCF-7 cells that had been exposed to OB patient sera was 40 % higher than N (p \ 0.05) (Fig. 1b) . This methodology corresponds to the conditions under which the MCF-7 CM was generated, with the 24 h time point reflecting COX-2 expression at the time of CM collection. Intriguingly, the PGE2 concentration in MCF-7 cell OB-CM was approximately 12-fold higher (p \ 0.05) than N-CM (Fig. 1c) . Celecoxib treatment was then used to determine whether this OB patient sera-induced COX-2 expression and PGE2 production contribute to the OB-CM's enhancement of pre-adipocyte aromatase expression. COX-2 inhibition in MCF-7 cells during CM generation significantly decreased the pre-adipocyte aromatase expression levels induced by both OB and N-CM (p \ 0.05), eliminating the difference between the two conditions (Fig. 1d) . Finally, the OB sera-induced increase in aromatase expression was correlated with a threefold amplification in pre-adipocyte estradiol production in the presence of exogenous testosterone, the substrate for aromatase (Fig. 1e) . Treatment with the aromatase inhibitor anastrozole following sera exposure negated the difference between OB and N, indicating that this difference in estradiol production was due to the OB sera's indirect effect on aromatase expression.
Obesity-associated systemic IL-6 indirectly stimulates pre-adipocyte aromatase expression
We have previously shown that the serum IL-6, TNF-a, and leptin concentrations in our obese patient population were significantly elevated in comparison to normal weight patients. Serum insulin levels in the obese patients were also four-fold higher, but there was no significant variance in free IGF-1 concentration [22] . Our next aim was to determine whether any of these obesity-associated systemic factors contribute to the promotion of the aromataseenhancing paracrine interaction between breast cancer cells and pre-adipocytes. To this end, we repeated our measurement of MCF-7 CM-stimulated pre-adipocyte aromatase expression with the addition of each factor to the pooled N patient sera during CM generation. For IL-6, TNF-a, leptin, and insulin, the amount of each factor added was determined by the difference in average concentration between the OB and N patients' serum samples. Because others have shown IGF-1 to be increased with obesity [25, 26] , we also included a condition with IGF-1 added to the N patient sera. OB-CM stimulated approximately two-fold greater pre-adipocyte aromatase expression in comparison to N-CM (p \ 0.05). The addition of IL-6 or TNF-a to the N patient sera during MCF-7 CM generation significantly increased the resulting CM's effect on pre-adipocyte aromatase expression, with IL-6 having the greatest effect (p \ 0.05). The addition of both IL-6 and TNF-a or all five factors to the N sera did not produce CM that further enhanced aromatase expression above the addition of IL-6 alone (Fig. 2a) . To confirm that IL-6 was the primary factor in the OB patient sera mediating its indirect e Relative amount of estradiol in CM from a MCF-7/pre-adipocyte co-culture exposed to patient sera (OB-CM and N-CM), then incubated in SFM with vehicle, testosterone, and/or anastrozole. Data shown represents the average of at least three independent experiments. Asterisks indicate significant differences in comparison to N-CM; different letters indicate significant differences, p \ 0.05 enhancement of pre-adipocyte aromatase expression, we next added an IL-6 depleting antibody to both the OB and N patient sera and then utilized this sera to generate MCF-7 CM. Aromatase expression in pre-adipocytes exposed to OB or N-CM produced with IL-6-depleted sera was significantly reduced in comparison to the OB or N-CM generated with untreated sera (p \ 0.05), and the IL-6 depletion eliminated the difference between the OB and N-CM conditions (Fig. 2b) . This demonstrates that IL-6 is the primary mediator of the OB patient sera's aromataseenhancing effects.
Obesity-associated pre-adipocyte aromatase expression enhances breast cancer cell ERa activity and proliferation
To examine whether the observed obesity-associated increase in pre-adipocyte aromatase expression could promote breast cancer progression, we first assessed whether it was associated with higher breast cancer cell ERa activity. CM from a co-culture of MCF-7 cells and pre-adipocytes were generated by exposing the cells to either OB or N patient sera, then incubating them in SFM plus testosterone, the latter serving as the substrate for aromatase. Expression of the ERa target gene pS2 was 76 and 80 % higher (p \ 0.05) in MCF-7 and T47D breast cancer cells, respectively, cultured in OB versus N-CM. Expression levels of cyclin D1, another ERa target gene, were also elevated (p \ 0.05) in the same cell lines following exposure to OB versus N-CM (Fig. 3a, b) . Aromatase inhibition by anastrozole during CM generation reduced OB-CM-stimulated pS2 expression in the MCF-7 and T47D cells (p \ 0.05), neutralizing the difference between OB and N-CM in pS2 expression. Aromatase inhibition resulted in a similar decrease in the levels of OB-CMinduced cyclin D1 expression in both cell lines (p \ 0.05). However, OB-CM plus anastrozole still stimulated significantly greater cyclin D1 levels in comparison to N-CM plus anastrozole (p \ 0.05). These results closely correlated with the co-culture CM's effect on breast cancer cell proliferation (Fig. 4a, b) . MCF-7 and T47D cells cultured in OB versus N-CM demonstrated 45 and 68 % greater proliferation levels (p \ 0.05). The addition of anastrozole during CM generation reduced OB-CM-stimulated proliferation (p \ 0.05), but not to the level of N-CM without anastrozole.
Discussion
Numerous studies have shown a positive association between obesity and a poor breast cancer prognosis, with the strongest effects frequently seen in postmenopausal, ERa-positive patients [3] [4] [5] [6] [7] [8] 27] . Obesity has also been linked to a reduced response to aromatase inhibitor therapy [12] [13] [14] , suggesting that it may promote breast cancer progression in this specific patient population via enhancement of local aromatase expression. In the current study, we establish that an obesity-associated elevation in systemic levels of the pro-inflammatory cytokine IL-6 promotes a PGE2-mediated paracrine interaction between breast cancer cells and pre-adipocytes, resulting in greater pre-adipocyte aromatase expression. Fig. 2 Pre-adipocyte aromatase expression is indirectly stimulated by obesity-associated systemic IL-6. a Aromatase expression in preadipocytes exposed to MCF-7 cell CM generated following patient sera exposure alone (OB-CM and N-CM) or N patient sera plus one of five obesity-associated circulating factors, including IL-6, TNF-a, leptin, insulin, and IGF-1. b Aromatase expression in pre-adipocytes exposed to MCF-7 cell CM generated following exposure to patient sera (OB-CM and N-CM) that was or was not pre-treated with an IL-6 depleting antibody (IL-6 AB). Data shown represents the average of at least three independent experiments. Different letters indicate significant differences, p \ 0.05
Bulun et al. have previously demonstrated that preadipocyte aromatase expression is stimulated by a host of secretory products, including PGE2, found in MCF-7 breast cancer cell CM. While PGE2 is known to be independently capable of stimulating aromatase expression in pre-adipocytes, the other breast cancer cell secretory products also make significant contributions to the conditioned media's effect. In fact, stimulation of pre-adipocyte aromatase expression via MCF-7 cell CM exposure persists with inhibition of breast cancer cell COX-2 activity, clearly showing that other factors are involved in this paracrine interaction [17, 28] . Breast cancer cells also release TNFa and interleukin-11 (IL-11), cytokines that inhibit the expression of adipogenic transcription factors and thereby prevent pre-adipocyte differentiation into mature adipocytes [29] . Given that aromatase is expressed primarily in the undifferentiated fraction of adipose tissue [17, 30, 31] , this accrual of pre-adipocytes in the tumor- Fig. 3 Obesity-associated pre-adipocyte aromatase expression enhances breast cancer cell ERa activity. The impact of MCF-7/ pre-adipocyte co-culture CM on ERa activity in MCF-7 (a) and T47D (b) cells, as measured by qPCR analysis of pS2 and cyclin D1 expression. Experimental conditions include CM from co-cultures exposed to patient sera (OB-CM, N-CM) followed by incubation in SFM with testosterone plus vehicle or testosterone plus anastrozole. Data shown represents the average of at least three independent experiments. Different letters indicate significant differences, p \ 0.05 Fig. 4 Breast cancer cell proliferation is increased by obesityinduced pre-adipocyte aromatase expression. MCF-7 (a) and T47D (b) breast cancer cell proliferation in response to culture in MCF-7/ pre-adipocyte co-culture CM. Experimental conditions include CM from co-cultures exposed to patient sera (OB-CM, N-CM) followed by incubation in SFM with testosterone plus vehicle or testosterone plus anastrozole. Data shown represents the average of at least three independent experiments. Different letters indicate significant differences, p \ 0.05 adjacent breast tissue also enhances local aromatase expression.
For this study, we focused on how obesity affects breast cancer cell production of secretory factors that directly stimulate pre-adipocyte aromatase expression. We were specifically interested in exploring whether obesity promotes greater breast cancer cell PGE2 production because IL-6 has been shown to stimulate COX-2 expression in a number of cell types, and concentrations of this cytokine were significantly elevated in our obese patient serum samples [19] [20] [21] [22] . In addition, the pathways by which PGE2 stimulates pre-adipocyte aromatase expression have been well-characterized [32, 33] . Consequently, we hypothesized that systemic factors known to be increased with obesity, including IL-6, stimulate greater MCF-7 cell COX-2 expression and PGE2 production, resulting in higher pre-adipocyte aromatase expression and a subsequent increase in breast cancer cell ERa activity and proliferation. Conditioned media from MCF-7 cells exposed to obese versus normal weight patient sera, which was shown to contain a higher concentration of PGE2, did stimulate greater pre-adipocyte aromatase expression. An elevation in MCF-7 cell COX-2 expression and PGE2 production were responsible for this effect. Thus, while other aromatase-promoting factors may be present in MCF-7 cell CM, the production of these does not appear to vary significantly with exposure to obese versus normal weight patient sera. In addition, our results indicate that an obesity-associated elevation in serum IL-6 is primarily responsible for the difference between obese versus normal weight MCF-7 CM-induced pre-adipocyte aromatase expression. Much of the excess systemic IL-6 found with obesity is produced by the adipose tissue [18] , so local breast tissue IL-6 levels are likely also increased with obesity and contribute to this effect.
Dannenberg et al. have also investigated the link between obesity and local aromatase expression, demonstrating that obesity is associated with elevated aromatase levels in the normal breast tissue of both disease-free women and breast cancer patients. Intriguingly, even stronger correlations were found between aromatase expression and levels of breast inflammation, defined by the number of macrophage-containing crown-like structures of the breast (CLS-B), as well as PGE2 levels in the breast [34, 35] . In vitro experiments further defined the pathways mediating this effect, showing that macrophage COX-2 expression and PGE2 production promote preadipocyte aromatase expression and ERa target gene expression [35, 36] . The authors argue that this pathway may contribute to the increased breast cancer risk seen in obese postmenopausal women, but do not address how it might impact an established tumor.
Recent findings from our laboratory complement the work of Dannenberg et al. and additionally examine whether this macrophage/pre-adipocyte paracrine interaction may promote breast cancer progression. Using an in vitro model of the obese patient's tumor microenvironment, we demonstrated that obesity-associated systemic factors further enhance macrophage COX-2 expression and PGE2 production, resulting in greater pre-adipocyte aromatase expression as well as higher breast cancer ERa activity, proliferation, and migration [24] . However, while it is clear from our work and that of Dannenberg et al. that macrophages play a significant role in stimulating obesity-associated local aromatase expression, macrophages are not the only PGE2-producing cells within tumor-bearing breast tissue. If obesity does enhance breast cancer cell PGE2 secretion in vivo, then this would likely result in greater aromatase expression in the adjacent adipose tissue and a subsequent increase in breast cancer cell ERa activity and proliferation, as we have demonstrated here with our in vitro model. To confirm the relevance of our model, future studies of breast cancer patient tissue should examine whether correlations exist between the following: obesity, aromatase expression, and IL-6 and PGE2 levels in the tumor and tumor-adjacent adipose tissue, and tumor ERa target gene levels.
Our assessment of the impact of this aromatase-promoting paracrine interaction on ERa target gene expression revealed a significant difference between the obese and normal weight conditions. While pre-adipocyte aromatase inhibition was able to significantly reduce the obese CMinduced ERa activity, it eliminated the difference between the obese and normal weight conditions for breast cancer cell pS2, but not cyclin D1, expression. In addition, aromatase inhibition was not able to decrease obese CMinduced MCF-7 or T47D cell proliferation to the level of the normal weight CM without anastrozole. These results suggest that anastrozole alone may not be able to reduce the obese CM-induced pre-adipocyte aromatase activity down to the same level as the normal weight condition, resulting in significantly decreased but still elevated breast cancer cell ERa target gene and proliferation levels. Given that anastrozole was more effective at inhibiting obese CM-induced ERa target gene expression versus proliferation, it is also possible that the obese patient sera promotes the production of additional proliferation-stimulating factors in the pre-adipocytes and/or breast cancer cells. However, it seems clear that pre-adipocyte aromatase expression is playing a role in the variation between the obese and normal weight CM in ERa activity and proliferation. Our findings reflect a possible mechanism to explain previous studies demonstrating a reduced response to aromatase inhibitors in obese women. They also indicate that obese postmenopausal breast cancer patients may benefit from an aromatase inhibitor/COX-2 inhibitor combination treatment, as celecoxib treatment of the MCF-7 cells was able to significantly decrease MCF-7 cell CMinduced pre-adipocyte aromatase expression and neutralize the difference between the obese and normal weight conditions.
This study provides strong evidence that obesity may promote postmenopausal, hormone-responsive breast cancer progression via an elevation in local aromatase expression. Obesity-associated IL-6 enhances breast cancer cell COX-2 expression and PGE2 production, resulting in higher levels of pre-adipocyte aromatase expression and a subsequent increase in breast cancer cell ERa activity and proliferation. Based on these results, an assessment of the clinical benefit of an aromatase inhibitor/COX-2 inhibitor combination treatment for obese, postmenopausal breast cancer patients is warranted.
